Graphene, two-dimensional layers of sp 2 -bonded carbon, has many unique properties. In this paper, graphene is decorated with flower-like MnO 2 nanostructures for the application in energy storage devices. The as-prepared graphene and MnO 2 nano-flowers, which were characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM), were assembled into an asymmetric supercapacitor. The specific capacitance of the graphene electrode reached 245 F/g at a charging current of 1 mA. The MnO 2 nano-flowers which consisted of tiny rods with a diameter of less than 10 nm were coated onto the graphene electrodes by electrodeposition. The specific capacitance after the MnO 2 deposition is 328 F/g at the charging current of 1 mA with an energy density of 11.4Wh/kg and power density of 25.8 kW/kg. This work suggests that our graphene-based electrodes can be a promising candidate for highperformance energy storage devices.
INTRODUCTION
Research on supercapacitors has generated growing interests from both academia and industry in recent years. Supercapacitors are considered as a promising power storage device for backup power storage, peak power sources, and hybrid vehicles, due to their high power density, high charge and discharge rate, and long cycle life [1] .
Graphene, parent of all graphitic structures ranging from graphite to carbon nanotubes and fullerenes, has become one of the most exciting topics of research in the last few years [2] .This two-dimensional material constitutes a new type of nanostructured carbon comprising a single layer of carbon atoms arranged in the graphitic sp 2 bonding configuration. It is distinctly different from carbon nanotubes and fullerenes and exhibits many unique properties. Graphene and chemically modified graphene sheets have shown a high electrical conductivity [3] , high surface area, and good mechanical properties comparable with or even better than carbon nanotubes [4] . In addition, graphene-based materials can be easily obtained by simple chemical processing of graphite [5] . Furthermore, the graphene-based system of individual sheets does not depend on the distribution of pores in a solid support to offer its large surface area. Instead, every chemically modified graphene sheet can "move" physically to adjust itself to the different types of electrolytes. Therefore the access to the very high surface area of graphene-based materials by the electrolyte can be maintained while preserving the overall high electrical conductivity for the network [6] [7] [8] .
To exploit the potentials of graphene-based materials for supercapacitor applications, we have coated active materials on the graphene sheets to form hybrid electrodes for the supercapacitors to further increase the specific capacitance as well as the energy density while maintaining its good power performance. Among the effective metal oxides, MnO 2 can form many polymorphs such as -, -, -, and -type, offering distinctive properties and wide applications as catalysts, ion-sieves, and especially as an electrode material in Li/MnO 2 and Zn/MnO 2 batteries [9] [10] [11] . There has been some work that explored the electrochemical properties of the graphene and MnO 2 composite electrode, which were synthesized by a chemical route. Yan et al. reported the making of graphene/MnO 2 composite materials and obtained excellent specific capacitance of 310 F/g at the scan rate of 2 mV/s. They used the reduction of permanganate by surface carbon to prepare their electrode material and needed to use a binder and conductive agent to produce their electrode [12] .
In this work, we used electrochemical deposition to fabricate our electrodes since this technique can control the coating mass, thickness, and morphology of the metal oxide film by simply adjusting the applied current, bath chemistry, and temperature. In addition, we can use this method for in situ deposition of the metal oxide film, which does not require the additional processing step of adding binders and electrical conductors. Furthermore, this technique can easily be used to synthesize nano-structures that can provide a high surface area, short diffusion path in host material, and good pore structure for electrolyte access. Although the electrodeposition method has been well studied for producing nanomaterials, there has been no report of the electrochemical properties of graphene and MnO 2 composite electrodes prepared by in situ electrodeposition. We have therefore designed and fabricated a graphene/MnO 2 composite electrode by in situ anodic electrodeposition of MnO 2 on the graphene electrode as a cathode to form an asymmetric supercapacitor.
EXPERIMENTAL
Graphene oxide was synthesized using a modified Hummers method from graphite in our experiment as described in the literature [13] . We reduced the graphene oxide using hydrazine. Manganese oxide nanostructures were anodically electrodeposited from a mixture of two different solutions (0.1 M Na 2 SO 4 and 0.1 M Mn(CH 3 COO) 2 ) onto the graphene film using a cyclic voltammetric technique with 250 mV/s at different cycles. A platinum sheet of 20 mm × 10 mm was placed vertically 20 mm away from the working electrode as a counter electrode. An Ag-AgCl electrode was used as a reference electrode. The anode is made of graphene and cathode is made of the MnO 2 -coated graphene. Both of the electrodes used a high purity titanium sheet as the current collector. The two electrodes were separated by a thin polypropylene film in a 1 M KCl aqueous electrolyte solution. Figure 1 shows the morphologies of the as-synthesized graphene and MnO 2 coated graphene. Figure 1a is a TEM image of our synthesized graphene. We can see that the few layer graphenes were usually overlapped with each other. The morphology of the as-synthesized MnO 2 nanostructures coated on the few-layer graphene is shown in Figure 1b . The graphene cannot be seen directly in the SEM image due to high-density coating of MnO 2 .The MnO 2 nano-flower consisted of many MnO 2 nano-rods as shown in Figure 1c . When examined at high resolution, as shown in Figure 1d , the as-synthesized MnO 2 nano-rods have a typical diameter of less than 10 nm and the structure of the nano rods is -MnO 2 . The MnO 2 synthesized here may have preferentially grown on energetically favorable sites under cyclic voltammetric control, resulting in a highly porous structure that promotes efficient contact between the active material and the electrolyte, providing more active sites for electrochemical reactions. It should also be noted that structures with porosity and interconnectivity supply additional accessible space for ions while maintaining sufficient conductivity for solid-state electronic transfer. Moreover, the needle like structure can provide short diffusion path lengths to both ions and electrons and also sufficient porosity for electrolyte penetration giving rise to high charge and discharge rates [14] . ( 1 ) where X + corresponds to H + or alkali metal cations such as Na + and K + . On the basis of Faraday's law, the theoretical specific capacitance of the reduction of Mn(IV)O 2 to Mn(III)OO X is approximately 1100 F/g with a voltage window of 1.0 V [15] . The charging and discharging curve under 1 mA of the electrode before and after the MnO 2 coating is shown in Figure 2a . Both charge and discharge times increased after the MnO 2 coating. The supercapacitor test cell is assembled as a two-electrode system which uses graphene as the anode and MnO 2 -coated graphene as the cathode. The calculated specific capacitance after the MnO 2 coating is 328 F/g. The specific capacitance increased 34.4% after the MnO 2 coating. The energy density after the MnO 2 coating reached 11.4 Wh/kg. Figure 2b shows the Nyquist plots of the MnO 2 -coated graphene electrode. The equivalent series resistance (ESR) is 2.2 which is calculated from the x-intercept on the plot. The maximum power density is 25.8 kW/kg. The high frequency loop is from 2371 Hz to 14 Hz. The loop is quite small, indicating the small resistance between graphene and the MnO 2 nanostructures. This is because the nanostructured MnO 2 is grown on the graphene sheets electrochemically rather than formed by mechanical blending. We can also observe in the Nyquist plot that the MnO 2 -coated graphene has a more straight line than graphene electrode in the low frequency region, because the direct growth of MnO 2 on graphene enlarges the separation of graphene nano-sheets resulting in a faster migration rate for the electrolyte. This effect is illustrated schematically in Figure 3 . Since an ideally polarizable capacitance gives rise to a straight vertical line along the series, this line must have a finite slope to represent the diffusive resistance of electrolyte in the electrode pores and the proton diffusion in host materials. Generally this type of proton diffusion (solid-state diffusion) is slower in host materials than in electrolyte, therefore the linearity is assumed to be the semi-infinite diffusion in solid materials. The slope of the MnO 2 -coated graphene increased due to a lowered diffusion resistance by the shortened proton diffusion path. The in situ electrochemical coating method we used here could also provide a three-dimensional coating of the entire graphene electrode. The long time cycling is shown in Figure 2c . We found that the capacitance increased at the beginning of the cycling just like our graphene electrodes. It showed almost as a straight line after about 150 cycles. The capacitance only decreased by 1% after 1300 cycles, indicating an excellent cyclicity of our MnO 2 -coated graphene electrodes. The ragone plot of the graphene and MnO 2 coated graphene electrodes are shown in Figure 2d . Both the graphene and MnO 2 -coated graphene electrodes showed very good power and energy performance. The excellent properties are attributed to the high accessible specific surface area and high efficiency of the electrolytic ion absorption. Graphene sheets, singlelayered or few-layered, offer an ideal structure for ion absorption. Moreover, the graphene based electrode does not depend on the exact pore distribution to give its large surface area. The graphene nano-sheet can adjust itself to different electrolytes. Therefore, access to the very high surface area of graphene materials by the electrolyte can be maintained while preserving the overall high electrical conductivity. The graphene-based electrode can also have a larger thickness than the activated carbon-based electrode. Activated carbon has a larger electrical resistance that limits the thickness and usually contains conductive but low surface area additives such as carbon black to enable rapid electrical charge transfer from the cell [6] . The high electrical conductivity of the graphene materials eliminates the need for conductive fillers and allows increased electrode thickness. Increasing the electrode thickness and elimination of additives lead to improved electrode materials for charge collection/separation. The MnO 2 nanoflowers grown on graphene nano-sheets enlarge the separation between the graphene sheets to enhance the access of the electrolyte ions, as illustrated in Figure 3 , The nano-structured MnO 2 would enhance the efficiency for redox reactions and further increase the specific capacitance. Therefore the high performance of the supercapacitor electrode reported here is attributed to both graphene and the nano-structured MnO 2 .
RESULTS AND DISCUSSION

CONCLUSIONS
We have successfully fabricated binderless supercapacitors by using graphene and MnO 2 nanoflowers coated graphene to produce a high specific capacitance of 245 F/g for graphene and 328 F/g for MnO 2 -coated graphene, respectively. The electrodeposited -MnO 2 serve as a spacer for the graphene nano-sheets, which increases the ion diffusion rate of the electrolyte. It can also improve the accessibility of the electrolyte to make full use of the electrode material. Furthermore, the fast surface redox reactions can greatly increase the specific capacitance of the electrode as well as the energy density to make such supercapacitors possible for use in electrical vehicles or hybrid vehicles. In addition, the power density of our asymmetric supercapacitor reached 25.8 kW/kg, which is well suited for high power applications.
